Efficiency of a far-infrared radiation (FIR) dryer for drying of citrus by-products (CBPs) was evaluated through their antioxidant activities. The CBPs dried through FIR were enzymatically digested by six carbohydrases (AMG, Celluclast, Pectinase, Termamyl, Ultraflo and Viscozyme) to prepare digests for evaluation of the activities. The total polyphenolic and total flavonoid contents of the digests were determined by colorimetric assays. The AMG digest was selected for the further experiments. The antioxidant potential of the digests were evaluated by DPPH, superoxide, hydroxyl and alkyl radical scavenging activities, H2O2 scavenging activity, metal chelating, lipid peroxidation inhibition and the reduction of DNA damage. The AMG digest from CBPs dried through FIR at 50 o C showed strong antioxidant activities in DPPH, superoxide, hydrogen peroxide, alkyl and metal chelating assays while all the digests showed strong lipid peroxidation activities. Further, enzymatic digests showed remarkable inhibitory activities against H2O2-induced DNA damage. Hence, the data obtained using different in vitro models clearly established the antioxidant potential of enzymatic digests from CBPs dried through FIR. Furthermore, they can be used as a source of natural antioxidants; hence, far-infrared radiation drying is a viable method for transforming wet CBPs into a dried form without destroying the bioactive components.
INTRODUCTION
Antioxidants may act in various ways such as scavenging free radicals, decomposing the peroxides and chelating the metal ions. The antioxidant potential of a compound can be broadly divided into two classes, depending on the nature of the reactions. Those are hydrogen atom transfer and electron transfer based reactions. Hydrogen atom transfer methods evaluate the ability of an antioxidant compound to quench free radicals by hydrogen donation while electron transfer methods measure the ability of an antioxidant to transfer one electron to reduce radicals, metals or carbonyl groups (1) . The electron transfer and hydrogen atom transfer reactions may occur in parallel, and the mechanism dominating in a given system will be determined by antioxidant structure, properties, solubility, partition coefficient, and system solvent (2) .
Fruits and vegetables contain other antioxidant compounds in addition to vitamins C, E, and carotenoids, which highly contribute to their antioxidant activity as proven by many researchers (3, 4) . The polyphenolic compounds, that are secondary metabolites of plants, may also act as antioxidants. The flavonoids are phenolic compounds abundantly found in citrus peels and, are believed to exhibit a variety of biological activities. They have a wide range of activities, such as antioxidant, antibacterial, cell-proliferation-inhibiting and apoptosis-inducing activities (5) (6) (7) . Moreover, some findings indicate that flavonoids possess various clinical properties, such as antiatherosclerotic, antiinflammatory, antitumour, antithrombogenic, and antiviral effects (5, 6) .
Numerous bioactive compounds are present in plants, fruits or in their processing by-products, and they can be extracted by various extraction methods. In this study, the bioactive compounds in citrus by-products were obtained by the enzymatic digestion. The enzymes work primarily by macerating the tissues and breaking down the cell walls as well as complex interior storage materials to release the bioactive compounds. Further, the enzymatic digestion process possesses a number of advantages and characteristic features such as higher extraction efficacy, water solubility, minimized environmental pollution and relatively less expensiveness compared to the conventional extraction methods.
Large amounts of by-products are formed every year by citrus juice processing plants and they may be an excellent source for a number of phytochemicals, which may show numerous biological activities. However, those by-products should be converted into a dried form before being used as they may deteriorate rapidly. Far-infrared radiation (FIR) drying was applied to convert the wet citrus by-products into a dried form in order to increase the efficacy in the drying process. Many researchers have used FIR or other irradiation processes to evaluate the activities of citrus peel or other agricultural materials (8) (9) (10) (11) (12) . FIR drying provides many advantages over conventional drying methods. When FIR is used to dry some material, the radiation collides with the surfaces of the exposed material and penetrates to create internal heating with molecular vibration of the material while FIR energy is converted into heat (13) . The depth of penetration depends on the composition and structure of the material and also on the wavelengths of FIR. It has been reported that the drying rate of the FIR drying process is faster than conventional hot-air drying, and increases with increased power supplied to the far infrared emitter (14) . The drying of citrus byproducts by FIR may be an effective method to liberate antioxidative polyphenolic compounds which exist in a covalently bound form with polymers (15, 16) . The aim of this study was to evaluate the effectiveness of far-infrared radiation drying and the survival of antioxidant activity.
MATERIALS AND METHODS

Materials
1,1-diphenyl-2-picrylhydrazyl (DPPH), 5,5-dimethyl-1-pyrrolin N-oxide (DMPO), 2,2-azobis (2-amidinopropane) hydrochloride (AAPH) and 2,2'-azino-bis (3-ethylbenzo thiazoline-6-sulfonic acid (ABTS) were purchased from Sigma Chemical Co. (St. Louis, USA). Viscozyme L (a multi-enzyme complex containing wide range of carbohydrases, including arabinase, cellulase, beta-glucanase, hemicellulase and xylanase), Celluclast 1.5L FG (catalyzing the breakdown of cellulose into glucose, cellobiose and higher glucose polymers), AMG 300L (an exol, 4-alpha-d-glucosidase), Termamyl 120L (a heat stable alpha amylase), Ultraflo L (a heat stable multi-active beta-glucanase) and Pectinex were purchased from Novo Co. (Novozyme Nordisk, Bagsvaed, Denmark). All other chemicals used were analytical grade supplied by Fluka or Sigma Co.
FIR drying of citrus by-products
CBPs were collected from a citrus juice processing factory in Jeju Island, Korea from January to March, 2007 and they were stored at -50 o C until drying by FIR (Model TOURI-Q, Korea). CBPs were dried by FIR drier at different temperatures (40, 50, 60, 70 , and 80 o C). Then, the dried CBPs were pulverized into a fine powder using a grinder (MF 10 basic mill, GMBH & Co., Staufen, Germany) and sieved through a 300 mm standard testing sieve.
Preparation of enzymatic digests
One gram of FIR-dried CBPs was mixed with 100 mL of distilled water. The optimum pHs of all reaction mixtures were adjusted with 1 M HCl/NaOH as described by Heo et al. (17) . Thereafter, enzymatic digestion was performed for 24 hrs to reach an optimum degree of extraction. Resultant mixtures were inactivated by keeping them in a water bath at 100 o C for 10 min and filtering. Finally, each digest was adjusted to pH 7 with 1 M HCl/NaOH.
Determination of total phenolic content
The total polyphenolic content was determined according to the method described by Chandler and Dodds (18) . One millilitre of the enzymatic digest/water extract obtained from the dried CBPs was mixed in a test tube containing 1 mL of 95% ethanol, 5 mL of distilled water and 0.5 mL of 50% Folin-Ciocalteu reagent. The resultant mixture was allowed to react for 5 min and 1 mL of 5% Na 2 CO 3 was added. It was mixed thoroughly and placed in the dark for 1 hr and absorbance was recorded at 725 nm in the UV-VIS spectrophotometer (Opron 3000 Hansan Tech. Co., Ltd., Korea). A gallic acid standard curve was obtained for the calculation of the polyphenolic content.
Determination of total flavonoid content
The total flavonoid content of the enzymatic digest/ water extract obtained from the dried CBPs was determined by the method described by Zhuang et al. (19) with slight modifications. A 0.5 mL aliquot of the digest/extract was mixed with 2 mL of distilled water and subsequently with 0.15 mL of a 5% NaNO 2 solution. After 6 min, 0.15 mL of a 10% AlCl 3 solution was added and allowed to stand an additional 6 min, thereafter 2 mL of 4% NaOH solution was added to the mixture. Immediately, distilled water was added to bring the final volume to 5 mL. Then the mixture was properly mixed and allowed to stand for 15 min. Absorbance of the mixture was taken at 510 nm. Rutin was used as standard for the quantification of the total flavonoid content.
DPPH radical scavenging assay
This assay is based on the scavenging ability of stable 1,1-diphenyl-2-picrylhdrazyl (DPPH) radicals by the radEffective Drying of Citrus By-products by Far-infrared Radiation and Their Antioxidant Activity 315 ical scavenging constituents in the digest/extract. The method described by Nanjo et al. (20) was used to investigate the free radical scavenging activity by electron spin resonance (ESR) spectrometer. A 60 mM DPPH solution in MeOH was prepared and 60 μL of the digest/extract was added to the same volume of freshly prepared DPPH. Then the reactants were thoroughly mixed and transferred to 50 μL glass capillary tubes and fitted into the ESR spectrometer. The spin adduct was measured after 2 min. The measurement conditions were as follows; Central field 3475 G, modulation width 0.8 mT, amplitude 500 mT, microwave power 5 mW, sweep width 10 mT.
Superoxide radical scavenging assay
Superoxide anion radicals generated by UV irradiated riboflavin/EDTA system (21) 
Hydroxyl radical (․OH) scavenging assay
The ability of the enzymatic digest/extract to scavenge hydroxyl radicals was investigated by the method described by Rosen The resultant DMPO-OH adducts were investigated and the ESR spectrum was recorded after 2.5 min. The measurement conditions were as follows; Central field 3475 G, modulation width 0.2 mT, amplitude 100 mT, microwave power 1 mW, sweep width 10 mT.
Alkyl radical scavenging assay
Alkyl radicals were generated by AAPH and their scavenging effects were investigated by the method described by Hiramoto et al. (24) . The reaction mixture containing 20 μL of distilled water, 20 μL of the digest/extract, 20 μL of 40 mM AAPH and 20 μL of 40 mM POBN and the mixture was incubated at 37 o C for 30 min. Then the reactants were transferred to a 50 μL glass capillary tube and fitted into the ESR spectrometer. The measurement conditions were as follows; Central field 3475 G, modulation width 0.2 mT, amplitude 500 mT, microwave power 8 mW, sweep width 10 mT.
Hydrogen peroxide scavenging assay
This assay was carried out according to the method described by Muller (25) . The digest/extract (80 μL) and 20 μL of 10 mM hydrogen peroxide were mixed with 100 μL of phosphate buffer (0.1 M, pH 5.0) in a 96-microwell plate and incubated at 37 o C for 5 min.
Thereafter, 30 μL of freshly prepared 1.25 mM ABTS and 30 μL of peroxidase (1 U/mL) were mixed and incubated at 37 o C for 10 min and the absorbance was measured at 405 nm.
Metal chelating ability
Metal chelating ability was determined according to the method described by Decker and Welch (26) with slight modifications. The digest/extract (5 mL) was added to a solution of 0.1 mL of 2 mM FeCl 2 . The reaction was started by adding of 0.2 mL of 5 mM ferrozine solution and reaction mixture was incubated for 10 min at room temperature with shaking. After incubation, the absorbance of reaction mixture was measured at 562 nm.
Lipid peroxidation assay by ferric thiocyanate (FTC) method
The lipid peroxidation inhibitory effect of the digest was determined according to the method described by Osawa and Namiki (27) with slight modifications. Each digest (2mg) was thoroughly mixed with 5 mL of 2.5% linoleic acid in ethanol, 5 mL of 0.05 M phosphate buffer (pH 7.0) and 2.5 mL of distilled water. The mixture was kept in the dark at 60 o C and analyzed every 24 hr intervals. Fifty microlitre of the incubated solution was mixed with 9.7 mL of 75% ethanol and 0.1 mL of 30% thiocyanate. The mixture was allowed to stand for 5 min at room temperature before adding 0.1 mL of 20 mM ferrous chloride in HCl. The absorbance was recorded at 500 nm with an ELISA reader (Sunrise; Tecan Co., Austria).
Investigation of the reduction of DNA damage (Comet assay)
Monkey kidney fibroblast cell line (Vero cell) was cultured in DMEM medium containing 10% fetal bovine serum, streptomycin (100 μg/mL) and penicillin (100 unit/mL) at 37 o C under a humidified atmosphere of 5% CO 2 in air.
Each AMG digest was diluted with PBS to the final The alkaline comet assay was conducted according to Singh et al. (28) with slight modification. The cell suspensions made in the previous steps were mixed with 100 μL of 0.7% low melting agarose (LMA), and added to the slides precoated with 1.0% normal melting agarose. After solidification of the agarose, slides were covered with another 100 μL of 0.5% LMA and then immersed in lysis solution (2.5 M NaCl, 500 mM EDTA, 1 M Tris, and 1% sodium laurylasarcosine, and 1% Triton X-100) for 90 min. Later, slides were kept in unwinding buffer for another 20 min for DNA unwinding. The slides were next placed in the electrophoresis tank containing 300 mM NaOH and 1 mM Na 2 EDTA (pH 13.0) and for electrophoresis of the DNA, an electric current of 25 V/300 mA was applied for 20 minutes. The slides were washed two times with a neutralizing buffer (0.4 M Tris, pH 7.5) for 10 min, and treated with ethanol for another 5 min before staining with 40 μL of ethidium bromide (20 μL/mL). Measurements were made by image analysis (Kinetic Imaging, Komet 5.0, UK) and fluorescence microscope (LEICA DMLB, Germany), determining the percentage of fluorescence in the tail (tail intensity, TI; 50 cells from each of two replicate slides).
Statistical analysis
All experiments were conducted in triplicate (n=3) and an ANOVA test (using SPSS 11.5 statistical software) was used to compare the mean values of each treatment. Significant differences between the means of parameters were determined by using Duncan's test (p< 0.05).
RESULTS AND DISCUSSION
The operating conditions of the FIR drying system and the proximate chemical composition determined according to the AOAC (29) guidelines are presented in Table  1 . The CBPs dried through FIR at the different temperatures were digested by six carbohydrases and Fig. 1 shows the yield of each digest. Both total polyphenolic and flavonoid contents were analyzed by colorimetric assays and are presented in Fig. 2 and 3 respectively. The AMG digest was selected for further experiments.
The radical scavenging capacity was evaluated using 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals and the results are presented in Table 2 . The AMG digest from CBPs dried through FIR at 50 o C showed significantly (p< 0.05) higher activity (IC 50 0.1 mg/mL) than other digests or water extracts. The mechanism of the reaction between antioxidant compounds and the DPPH radicals depends on the structural conformation of the antioxidants. Values within a row followed by different superscript letters are significant difference (p< 0.05). 2) Yield expressed as g/100 g.
3) D/E: AMG digest/Water extract. Some of the compounds react quickly with DPPH radicals reducing a number of DPPH radical equal to the number of the hydroxyl groups (30) . Our data were in close agreement with the data reported by Yi et al. (31) with hesperidin, nobiletin and tangeritin, and with one new citrus cultivar. Hence, the activities shown by the enzymatic digest from CBPs may be due to the presence of a variety of polyphenolic and flavonoid compounds.
Superoxide radicals are generated in biological systems during the normal catalytic functions of certain enzymes. As illustrated in the Table 2 , all the enzymatic digests and water extracts dose-dependently reduced the ESR signal intensity (ESR spectrum not shown) which indicates their ability to scavenge the superoxide radicals. The superoxide radical scavenging activities of AMG digests from CBPs dried through FIR laid between the IC 50 of 0.28 and 0.53 mg/mL and AMG digest from CBPs dried through FIR at 50 o C showed significantly higher (p< 0.05) activity (IC 50 0.28 mg/mL) than those of other digests. The superoxide radical scavenging activity of the digests from CBPs dried by FIR at the different temperatures may be due to the presence of polyphenolic compounds and, the increase in the activity is due to increase in number of phenolic hydroxyl groups in the antioxidative molecules. The reports about the superoxide radical scavenging activity of citrus peel or citrus by-products are rare or not available; however, some workers have reported superoxide radical scavenging activities of citrus fruit juice (32) . The AMG digests showed moderate H 2 O 2 scavenging activities and, in the H 2 O 2 assay the AMG digest from CBPs dried through FIR at 50 o C showed significantly higher (p< 0.05) activity (Table 2) . We are the first to report hydrogen peroxide scavenging activity of citrus by-products. It has already been proven that dietary polyphenolic compounds protect the cells from cytotoxicity induced by H 2 O 2 (33,34), indicating that the observed H 2 O 2 scavenging activity of AMG digests could be due to the presence of phenolic compounds, especially the flavonoid compounds.
Among the oxygen radicals, hydroxyl radicals are the most reactive, and can react with almost all the substances in the cell and induce severe damage to cells (35) . Hence, hydroxyl radical scavenging activity was evaluated and the AMG digest from CBPs dried through FIR at 40 o C showed higher activity than those of other digests (IC 50 0.29 mg/mL). Further, the activity was higher than that of AMG digest from CBPs dried through FD or water extracts ( Table 2 ). The activities exhibited by the digests/extracts could partly be due to metal chelating activity, which retards the generation of hydroxyl radicals via the Fenton reaction, in contrast to the activities exerted by the flavonoids and other polyphenolic compounds present in the enzymatic digests or water extracts which were evaluated by the colorimetric assays. Several studies have reported hydroxyl radical scavenging activities of citrus peel and have also proved that the polyphenolic compounds and flavonoid compounds were responsible for those activities (36) .
Further, AMG digests and water extracts were able to reduce the intensities of ESR spectrum of alkyl radicals generated by the APPH (ESR spectrum not shown). The AMG digests showed higher activities than those of water extracts. The inhibitory effect of the digests/extracts on alkyl radicals represents the direct radical scavenging activity. The inconsistency of these digests/extracts on free radical scavenging activity may come from the different inhibitory mechanisms in different model systems. In addition, the AMG digests showed concentration-dependent activity in all the assays tested. Fukumoto and Mazza (37) have reported that increases in the number of hydroxyl groups in the compounds may increase the antioxidative activities. Further, Dziedzic and Hudson (38) have reported that at least two hydroxyl groups were required for antioxidant activities of polyphenolic compounds.
The polyphenolic compounds present in the digests may be able to play a protective role against oxidative damage by sequestering ferrous (II) ions that may otherwise catalyze Fenton-type reactions or participate in metal-catalyzed hydroperoxide decomposition reactions. Table 2 shows the IC 50 values of chelating activities of AMG digests and water extracts on ferrous ions. The metal chelating activity of the AMG digests from CBPs dried through FIR was higher than those of its counterparts, the AMG digest from CBPs dried through FD or water extracts. The digest from CBPs dried through FIR at 50 o C showed the highest metal chelating activity. Hence, these results revealed that enzymatic digests from CBPs has an effective potential for iron binding, suggesting that its action as a protector against peroxidation might be partly related to its iron-binding capacity. Lin et al. (39) have reported the metal chelating activities with green tea and have analyzed catechin contents (flavonoid) in the extracts; however, those activities were lower than the activities reported in this study.
A linoleic acid emulsion system was used in the present study to evaluate the lipid peroxidation inhibitory activity of the digests. , which has a maximum absorbance at 500 nm (41) . Thus, a high absorbance value was an indication of high peroxide formation during the emulsion incubation. As shown in Fig. 4 , the digests from CBPs dried through FIR showed strong lipid peroxidation inhibitory activities. Further, those activities were compared with the results obtained for the commercial antioxidants, BHT and α-tocopherols. All digests showed higher activities than that of α-tocopherols but lower activities than that of BHT. However, the digests showed strong inhibitory activities against lipid peroxidation compared with control sample (that is without sample treatment). These results indicate that the active components in the digests, probably the pehnolic compounds including flavonoids, can significantly inhibit the peroxidation of linoleic acid and reduce the formation of hydroperoxide, thus implying that they are potential natural antioxidants. Since it is believed that lipid peroxidation is one of the causes of the occurrence of cardiovascular disease (42) and cancer (43) , the inhibition by the digests from CBPs may be an indicator of their high therapeutic potential. Furthermore, it has been reported that flavonoids have the potential to terminate the chain reactions of lipid peroxidation by scavenging the peroxyl radicals (44) .
The in vitro alkaline (pH> 13) comet assay is the most frequently used assay for routine screening of potential genotoxic agents (45) , and can be performed with a variety of cell types. Vero cells were selected in this study because of their stable karyotype, short generation time, and their easiness to maintain. The alkaline comet assay described by Singh et al. (28) detects primary (repairable) DNA single-and double-strand breaks and alkali-labile sites. DNA damage was induced by H 2 O 2 in Vero cells. Hydrogen peroxide is able to interact with DNA through highly reactive oxygen and radical species causing severe oxidative damage (46) . Exposure of DNA to oxidative stress leads to different types of base damage, producing oxidized and ring-fragmented nitrogenous bases (47) . As expected, exposure of Vero cells to H 2 O 2 resulted in a significant increase in DNA damage. Pre-treatment of the Vero cells with different concentrations (only 100 μg/mL shown in the Fig. 5 ) of the AMG digests from CBPs dried through FIR significantly inhibited the DNA damage induced by H 2 O 2 . Photomicrographs of Vero cells obtained for AMG digest from CBPs dried through FIR at 50 o C are shown in Fig. 6 . Hydrogen peroxide, a potent genotoxic agent, is able to induce oxidative DNA damage including DNA strand breakage and base modification (48) . Furthermore, oxidative DNA damage has been recognized as a major cause of cell death and mutations in all aerobic organisms. In humans, oxidative DNA damage is also considered an important promoter of cancer (47) .
